ABSTRACT. The first molecular phylogeny is presented for four species of the scorpion genus Mesobuthus, based on DNA sequences of three gene fragments (two mitochondrial and one nuclear protein coding gene, ϳ1 kb). The inferred phylogeny based on a pooled maximum likelihood analysis revealed a clear deep splitting between the ''western clade'' consisting of M. gibbosus and M. cyprius (Greece/ Anatolia, Cyprus) and the ''eastern clade'' consisting of M. eupeus and M. caucasicus (Anatolia/Central Asia). The species M. caucasicus (recently placed in the genus Olivierus Farzanpay 1987) groups monophyletically within Mesobuthus; thus, the genus Olivierus is synonymized here with Mesobuthus. Sequences of M. eupeus and M. caucasicus sampled mainly from Kazakhstan and Uzbekistan are highly structured, indicating the possible existence of multiple species.
The genus Mesobuthus Vachon 1950 (Scorpiones, Buthidae) currently includes 12 species (Fet & Lowe 2000; Gantenbein et al. 2000b) ; its type species is Mesobuthus eupeus (C.L. Koch 1839). Except for M. gibbosus (Brullé 1832), which is found in the Balkans and Turkey, the diversity of this genus is concentrated in Asia. Numerous species and subspecies are distributed from Turkey to Korea, with the centers of diversity in Central Asia and Iran. Mesobuthus species are the most common and abundant scorpions in a variety of arid habitats, from sand deserts to high mountains over 3000 m (Fet 1989 (Fet , 1994 . They are found up to 50ЊN in Kazakhstan, the northern limit of the natural range of the Old World scorpions (Gromov 2001) .
Although Buthidae are the most diverse and medically important family of scorpions (Fet & Lowe 2000) , there has been no attempt so far to produce a phylogenetic analysis of this family. Especially powerful are phylogenies based on DNA sequence data in combination with morphology (Gantenbein et al. 1999a (Gantenbein et al. , 2000a Fet et al. 2001) . Our first applications of this technique in Buthidae refer to the genera Buthus Leach 1815 (Gantenbein et al. 1999b; Gantenbein & Largiadèr 2003) and Centruroides Marx 1890 Towler et al. 2001) ; we also published a pilot phylogeny of 17 buthid genera (Fet et al. 2003) . Molecular markers helped to define island species, where neither the biological species concept nor any other species concept can be applied (Gantenbein et al. 2000b ).
METHODS
The currently studied available material belonged to four species: Mesobuthus gibbosus (Greece, Turkey), M. cyprius Gantenbein & Kropf 2000 (Cyprus) , M. eupeus (C.L. Koch 1839) (Turkey, Kazakhstan, Turkmenistan, Uzbekistan, China), and M. caucasicus (Nordmann 1840) (Kazakhstan, Turkmenistan, Uzbekistan) (see Table 1 for locality information). For DNA analyses, the total DNA was extracted from fresh or preserved (94-98% ethanol) muscle tissue using a standard phenol/chloroform and precipitation method (Sambrook et al. 1989 ). We amplified a ca. 450 base pair (bp) fragment of the 16S rRNA mitochondrial (mt) DNA by polymerase chain reaction (PCR) using the primers and condi- 
-Maximum Likelihood (ML) tree of Mesobuthus species from southern Europe, Western and Central Asia inferred from three combined DNA sequence fragments of the mitochondrial 16S, coxI and the nuclear PK regions, 1,095 bp (-ln Likelihood was 5505.86). The DNA substitution model was TRN ϩ ⌫ ϩ I (Tamura & Nei 1993) ; base frequencies: A ϭ 0.29, T ϭ 0.37, C ϭ 0.14, R matrix ϭ (A-G ϭ 6.70, A-C ϭ A-T ϭ G-T ϭ 1, C-T ϭ 3.56), gamma shape parameter ␣ ϭ 0.53, and proportion of invariable sites ϭ 0.37, respectively. The tree was rooted using the outgroup species Androctonus australis (AauTNa1). Numbers at nodes refer to bootstrap support given as percentage from 1,000 pseudo replicates by neighbour-joining of ML distances.
tions of Gantenbein et al. (1999) . For the partial amplification of the cytochrome oxidase I (coxI) gene we used the primers LCO (Folmer et al. 1994) and Nancy (Simon et al. 1994) which amplify a ϳ850 bp fragment (positions ϳ30-850 of the Drosophila yakuba sequence; Flybase: FBgn0013179). We used the following PCR profile: initial denaturation 94 ЊC for 4 min followed by 40 cycles of 25 s at 94 ЊC, 20 s at 51 ЊC, and 90 s at 72 ЊC. In addition, we designed new buthid-specific PCR primers from a clone (03B09) of an EST library of Mesobuthus gibbosus (unpublished data, Gantenbein et al., in preparation) to amplify a ϳ360 bp fragment of the nuclear protein kinase (PK) gene (Flybase locus CG11221, identified from BLASTX against the Drosophila protein database, similarity 43%, Expectation ϭ 5e-14). The primers were 03B09for 5Ј-TCT GAT GTA TGG CAG ATG GCA ATG-3Ј and 03B09rev 5Ј-CGA ACT CAA GAT CCA CTC CTG TAC TCG-3Ј. We used the same PCR profile as for coxI. PCR primers were removed by polyethylene glycol (PEG 8000) precipitation, and templates were directly sequenced on one strand using one of the PCR primers and DYEnamic ET Dye Terminator Kit (Amersham Biosciences). For coxI and PK we used the forward PCR-primers for sequencing, and for the 16S we used the same primer as in Gantenbein et al. (1999) . Sequencing reactions were ethanol/sodium-acetate precipitated and run on an ABI377XL sequencer (Applied Biosystems, Foster City, CA). All sequences were checked manually for sequencing errors. All sequences were deposited in the EMBL nucleotide sequence database (http://www.ebi.ac.uk). As outgroup, we used the Old World buthid Androctonus australis (L. 1758) from Nefta, Tunisia (AauTNa1), which is a suitable outgroup for the genus Mesobuthus as indicated from (Vachon 1952) . Voucher specimens will be deposited in the Natural History Museum, Bern, Switzerland (NHMBE).
The resulting 22 16S DNA sequences were aligned using ClustalX (Thompson et al. 1997 ) and by eye. We applied Maximum Likelihood (ML) to the DNA sequence data. The alignment was 344 bp long. The alignment was deposited in the EMBL nucleotide database (ALIGN000522). Ambiguities and gaps were stripped out (Swofford et al. 1996) , leaving 302 bp. The alignment of the coxI and the PK fragments was unambiguous because of the open reading frames (ORF). In order to choose the most appropriate DNA model of nucleotide substitution, we calculated hierarchic likelihood ratio test statistics using MO-DELTEST 3.06 (Posada & Crandall 1998; Huelsenbeck & Rannala 1997) which is implemented in PAUP* 4.0b10 (Swofford 1998) and calculates the hierarchical likelihood ratio statistics (LRT) of 56 different substitution models based on a NJ tree using JC69 distances (Jukes & Cantor 1969) . The rate heterogeneity among sites was assumed to follow a gamma distribution (shape parameter ␣ was ML-estimated) with four categories, each represented by its mean (Yang 1996) . The MLestimated parameters and the model are given in the legend of Fig. 1 .
The tree topology found with ML of the pooled mitochondrial data (16S & coxI) was not significantly different from the topology inferred from the nuclear PK gene if assessed by the two-tailed K-H-test (ϪlnL (treePKͦPKdata) ϭ 618.49; ϪlnL (tree16S&coxIͦPkdata) ϭ 632.50; P ϭ 0.16) with re-estimation of maximum likelihood by non-parametric bootstrapping (RELL) (Kishino & Hasegawa 1989; Kishino et al. 1990 ). Thus, we pooled the nuclear and mitochondrial data, leaving 1,095 bp (475 bp of the coxI and 318 bp of the PK, excluding gaps and ambiguities).
In a further step, the molecular clock hypothesis (i.e., equal rates across all sequences) was tested using the 2 approximated likelihood ratio test statistics with OTU'sϪ2 degrees of freedom (df ϭ 22-2 ϭ 20) which was rejected with a P-value Ͻ 0.01 (Huelsenbeck & Crandall 1997) . We explored the tree space by 100 heuristic tree searches using the TreeBisection-Reconnection (TBR) algorithm and by randomizing the order of the sequence input in PAUP*. Phylogenetic trees were rooted using Androctonus australis as an outgroup. Statistical confidence of phylogenies was assessed using the bootstrap procedure (1,000 pseudoreplicates) (Felsenstein 1985) using PAUP*. These distances were usually ϳ15 % between Mesobuthus species and go up to ϳ20 % if Mesobuthus sequences were compared to the outgroup.
RESULTS AND DISCUSSION
The three analyzed DNA fragments contained considerable polymorphism among but also within species as estimated using Nei & Li's (1979) nucleotide diversity and the amount of synonymous versus non-synonymous substitutions of coding regions (Jukes & Cantor 1967) (Table 2) . We found 153 mutations out of 475 bp (of which 29 were replace-ment changes) in the coxI fragment, and 19 mutations out of 318 bp (of which 8 were replacement changes) in the PK gene (excluding the outgroup). The 16S fragment contained 131 polymorphic sites out of 302 bp.
The recovered phylogeny (Fig. 1) showed high support for all four included species. This phylogeny allows to address several important taxonomic and evolutionary issues pertaining to the genus Mesobuthus. First of all, the phylogeny demonstrates a deep split between the ''western clade'' of M. gibbosus and M. cyprius and the ''eastern clade'' of M. eupeus and M. caucasicus (Fig. 1) ; each clade is well supported (100% and 92% bootstrap, respectively). Within the ''eastern clade,'' there is a strong support for currently accepted species M. eupeus (87%) and M. caucasicus (94%). The Mesobuthus caucasicus sequences are nested within the genus Mesobuthus as a sister group to M. eupeus. This observation is important as the generic placement of M. caucasicus has been controversial since Farzanpay (1987) created a separate monotypic genus Olivierus for this species. As our molecular data show, this new genus is paraphyletic with respect to Mesobuthus (Fig. 1) . Fet & Lowe (2000) listed Olivierus as a valid genus but noticed that it was created without any solid justification or revision. The only characters (number of granules on movable finger of pedipalp chela) that Farzanpay (1987) briefly quoted (in Farsi) in support of Olivierus, were borrowed from Vachon (1958) species-level descriptions, and are not diagnostic for a genus. Further, our molecular data do not support monophyly of Olivierus. Therefore, we propose to list this genus as a synonym of Mesobuthus, as was traditionally accepted by all authors before Farzanpay (1987) : Olivierus Farzanpay 1987 ϭ Mesobuthus Vachon 1950, NEW SYNONYMY. Another observation refers to the subspecific structure of M. eupeus, the type species of the genus Mesobuthus. This species is extremely polymorphic, and has 14 formally valid subspecies ranging from Turkey to China (Vachon 1958; Fet 1989; Fet & Lowe 2000) , with most subspecies described from Iran. The nominotypic subspecies M. e. eupeus (C.L. Koch 1839) is found in the Caucasus and Turkey, while most populations from Central Asia are classified as M. e. thersites (C.L. Koch, 1839). In our analysis, the nominotypic subspecies (Turkey) is highly supported (bootstrap 100%) while the Central Asian sequences present a more complicated case. A separate clade exists for a sand desert population from Turkmenistan (MeuTUa1), as opposed to the clade of several populations from Uzbekistan, Kazakhstan and China (bootstrap 68%). This can be an indication of an ancient separation between southern and northern desert forms, possibly valid at least at the subspecies level (Fet 1994) . The further phylogenetic analysis could result in elevating these subspecies to the species level. It is interesting that already Birula (1917) grouped all subspecies of M. eupeus into two species groups (''sections''), ''eupeus'' and ''thersites''; however, status of these groups was never examined.
Within M. caucasicus, a very strongly supported clade (bootstrap 98%) groups populations from central Uzbekistan (Bukhara, Ferghana) and Kazakhstan, while those from southern Uzbekistan (Jarkurgan, Babatag) group outside. It remains to be seen if genetic separation in this case is matched by the morphological variation, as there are several subspecies described from Central Asia as well.
In addition, in our phylogeny the northern Central Asian populations of both Mesobuthus eupeus and M. caucasicus (Kazakhstan) appear to be derived compared to the southern populations of both species (Uzbekistan); this could be the result of progressive Tertiary aridization and spreading of the arid scorpion species from south to north to the sand and clay deserts (Fet 1994) .
The presented data also allow a calibration of a molecular clock using the separation of Cyprus from the Anatolian mainland (5.2 Mya) after the Messinian salinity crisis, during which gene flow between island and mainland populations could have been possible. The Mediterranean Basin was refilled within only 100 yrs, which provides an excellent calibration point for a molecular clock (Hsü et al. 1977; Gantenbein & Largiadèr 2002) . Thus, the sequence divergence between Anatolia and Cyprus was estimated to 0.09 Ϯ 0.01 (0.10 Ϯ 0.01 for 16S), which results in a sequence divergence rate of 0.017 per My. This rate estimate is somewhat higher than previous estimates in scorpions for Mesobuthus gibbosus (Gantenbein & Largiadèr 2002) but lies absolutely in the range of scorpions such as Buthus occitanus and Centruroides (Buthidae) and other invertebrates such as butterflies, beetles and crickets (Brower 1994; Fleischer et al. 1998; Gómez-Zurita et al. 2000; Gantenbein et al. 2001; Gantenbein & Largiadèr 2003) .
The genus Mesobuthus was created when Vachon (1950) initiated a large-scale ''splitting'' revision of the traditional genus Buthus Leach 1815. Its composition is still controversial. For instance, several Indian species are classified currently in this Mesobuthus but their generic identity is unclear (Fet & Lowe 2000) . Separate species have been only recently described from Cyprus (Gantenbein et al. 2000b ) and confirmed for northern Israel . Numerous subspecies exist in M. eupeus and M. caucasicus but morphological characters are inconclusive as for their relationship and taxonomic status. Further application of new molecular markers will facilitate our understanding of taxonomy and evolution of this common scorpion genus.
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